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NASA TT F-14,347
SOUNDING OF THE SOLAR CORONA BY MONOCHROMATIC RADIO RADIATION

0. G. Onishchenko

ABSTRACT. A method of sounding the solar corona by monochromatic
radio radiation on two coherent frequencies is reviewed.

Estimates of regular group delay, of fluctuation in group

delay, of rotation of the plane of polarization, and of

expansion of the signal spectrum as a function of the beam's
impact parameter for the accepted model of the solar corona

and the interplanetary medium, are cited. The inverse problem

of obtaining certain mean distributions of electron concentrations,
magnetic field, and solar wind velocity as a function of the
heliocentric distance is reviewed.,

¥. Introduction ' /3*

Flights of space $tations into interplanetary space make it possible to
measure the parameters of the solar plasma by direct m;thods. The region
accessible for direct measurements is contained between the orbits of Venus
and Mars (0.7 AU< r < 1.5 AU) and lies near the plane of the ecliptic (see
Figure 1). The substantial fluctuations in the parameters of the interplanetary
plasma (concentration N, solar wind velocity V, and others) in the region of
direct measurements do not permit making an adequately reliable determination
of the distribution of certain of the means of thése‘parameters as a fﬁnction
of the heliocentric distance, r. Theoretical papers dealing with the solar
corona and the solar wind usually operate with certain mean distributions of the
parameters N(r), V(r), and temperature, T(r) [1, 2]. A very interesting experiment
would be one that would result in obtaining simultaneously certain of the mean
distributions of N{r) and V(r), and, as a result, a certain steady plasma flux
from the sun as a function of the heliocentric distanée, r. This experiment
would make it possible to reduce the number of possible theoretical models of the
solar corona and solar wind, and thus take a step forward along the path to an
understanding of these phenomena. Hence the results of a survey at radio é&_

wavelengths of the regions of the solar corona that-are inaccessible to direct

observations arelshighly interesting.

*  Numbers in the margin indicate pagination in the foreign text.



There are three methods of observing the radio sources of the sun's eclipsing

coronas,

The oldest method is that of observing the scattering of radiation from discrete
natural radio sources. V. V. Vitkevich [3] and Machin and Smith [4]1, in 1951,
made that assumption that it wouldvbe possible to determine the distribution of
the electron concentration, N(r), temperature, T(r), and otheruparameters of the
coronal plasma by observing radio radiation from the Crab Nebula when eclipsed
by the solar corona,vand to measure refraction, absorption, and other characteristics
of the radio radiation. However, the interferometer observdations yielded only
obvious éttenuation of intensity. It developed that intensity attenuation occurs
as a result of scatterinngf radio waves by the inhomogeneities in the electron
concentrations in the corona and far-out corona (r < 100 Ro)' The magnitude
measured in the scatter experiments is the angle of scattering. The most
complete theoretical research on the scattering of radio radiation in the solar

corona has been done by Hollweg [5, 6, 7].

The discovery, in 1963; of quasars (sources witﬁ small angles < 1'") made it
possible to use a new method of radio scintillation to investigate the more distant
regiong of the corona [of the interplanetary‘plasma (see Figure 1)]. The idea
behind this method is that radio waves passing through the layer of inhomogeneity
of electron concentration.create -a diffractién pattern on earth. The movement
of the inhomogeneity with respect to thecearth causes movement of the diffraction
pattern and creates a fluctuation in the intensity at the point of observation.
Observation of scintillations at spaced points provide for determinafidn of the ‘45
size-of the diffraction pattern and the rate of its displacement over the earth,
These observations make it possible to judge the inhbmogeneities in the electron
coricentration and thé rates at which they mové%(thé Vé}qééﬁ&néf‘%he sqfafiﬁgﬁ@,
assuming freezingtin)., Hollweg and Jokippi [7, 8] have pointed out that the
results of observations of scattering and séiﬁtillation do not contradict the
spectrum of turbulence with a correlation scale of ~ 0.01 AU and with an "internal
scale" of turbulence of several hundred kilometers. The solar wind is very
turbulent. These results concord well with direct observations of the solar wind,
and differ significantly from previous estimates of inhomogeneities in the corona,
and in the interplanetary plasma [9, 10, 5, 6]1. Previous estimates assumed that
the spectrum of the inhomogeneity in the corona was Gaussian with a correlation

scale ~ several hundred kilometers, and with fluctuation in concentration in the
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inhomogeneties ~ several percent relative to the mean value of Ne.

The third of the observation methods considers surveying the solar corona with
monochromatic radio radiation from an artificial source [6, 11]. The source
can be installed on beard a space station flying around the sun, and the receiver
can be installed on the ground. There can be the reverse as well, with signals
measured on board the space station and the measurement results communicated to
the ground. This method provides for obtaining information on regular (mean)
electron cencentration, N, with respect to group delay, as distinguished from the
two preceding methods, which provide information on the fluctuation in the
electron concentration, AN (on the excess above the mean values in the
inhomogeneities).1 Moreover, measurement of the expansion in the signal
spectrum, Af, andiin the rotation of the plane of polarization, ¥, for linearly ﬁé
polarized radiation, makes it possible to judge the velocity of the solar wind
and the magnetic field in the corona. The first results of the measurement

of Af and § now are available [13, 14].

The parameters of coronal plasma depend sSubstantially on solar activity and
on the solar latitudey¢ This paper will review the feasibility of measuring
solar plasma parameters N, V, and H at the solar activity minimum, and near the

plane of the solar equator.

2. Brief sSurvey of the Principal Results of Measurements of the Electron

Concentration in the Solar Corona and in the Interplanetary Medium

' -0‘ R S Loy o . . .
A, The rebﬁlar electron concentration, N and the solar wind velocity, V

01

Figure 1 shows N{r), obtained from optical observations and soundings. The
electron concentration in the region of heliocentric distances out to'f 20 Ro
(Ro is the radius of the sun) is determinedd!from optical observations of the solar
corona., It is considered that the polarized component of the radiation from the
corona in the continuous spectrum (the K compoﬁent) can be attributed to the
Thomson scattering of the radiation from the photosphere by the corona's free-
electrons. The difficulty in distinguishing the K component from the general
radiation, and in determination of the electron concentration N(r), increases
with distance from the sun. The points in Figure 1 designate the values of the i?

€lectron concentration in the plane of the solar equator in the minimum activity

o e T

i Pulsars too can be used for these observations, at least in principle. See [12].
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case cited by K. de Yager ([15] in Table 39). The Allen-Baumbach empirical

formula:

NO(P)f 3'1089‘1_5 + 15"19? Iﬁl?etm\‘ns/cﬁlg"] 1 W

in which p = r/R , r is the Heliocentric distance, often is used in estimates
©

of electron concentration in the corona.

Flights of space stations in the region of the orbit of Venus, the Earth,
and Mars have provided measurements of the ion (electron) concentration in this
region. Direct measurements have established that fluctuations in electron
concentration in this region are of the order of the mean magnitude [16]. The
mean value of electron concentration in 1962 (solar activity minimum), gathered
by Mariner 2, was ~ 5 electrons/cmj. The mean value, N, increased to ~ 10 electrons/
cm3 as the solar activity maximum approached. Measurements of integral electron
concentration, f Ndé\}(suis'the distance from the earth to the space station),
“rene L o »
from the measurement 6f the group and phase delays in the signal on two radio

frequencies, were made in addition to the local N measurements [17, 18].

Solar wind velécity measurements yielded anmean of V ~ 350-400 km/sec at
minimum activity, with the relative fluctuationsiin the velocity in absolute
terms less than the relative fluctuations in the electron concentration (relative
to the mean value). The sounding measurements showed no significant change in

Vv invterms of r.

Figure 1 shows two dashed lines, 1 and 2, with slopes of -2 and -2.5, the
purpose of which is to connect the two regions in which the electron concentration Zﬁ
was measured. The following were the considerations fhat11édkto the selection
of the slopes of these lines. The equation for the conservation of mass flux,

assuming the existence of a mean steady plasma flux and a spherically symmetrical

flow, ist? e Pl
2 = . ,
___ N_.Vr F, cowsf f. l (2)

If, in addition, we add the assumption of constancy of the mean solar wind velocity

in dinterplanetary space, Wwhat follows from Eq. (2) is

' N(i‘)~ r,

> One of the equations in the Parker system of hydrodynamic equations for
solar wind [2].



And if N ~ r-z'5 is included, this rélationship is a good description of the
result:iof optical observations in the region of heliocentric distances,

5R <r=s 20 Ro’ and what follows from Eq. (2) is that v(r) ~Nr.

So there are two possible models of the distribution of the mean electron
(ion) concentration (in the plane of the ecliptic at minimum solar activity) in

the corona, and in interplanetary space, that can be used for numerical estimates:

8 -i6 - }
N (p)=3-10p7+ 1510%° + 23107 (3).

| N..(p)= 5'108[5‘6+ 15'10.8f56 +310p% (&)

where

p = r/Ro, R = 7-101O cm.

The terms'vp-16 in Egs. (3) and (4) can be ignored when p > 1.5.

Figure 1 further shows the distribution of the solar wind velocity, V,,
obtained assuming satisfaction of Eq. (2) and electron concentration distributed

in accordance with Egs. (3) or (4).

Curve 3 in Figure 1 depicts the distribution of the electron concentration
and the solar wind velocity in an isothermal corona for T = 106 according to

Parker [1].

B. Solar Wind Turbulence

This paper has made the same assumption as to the spectrum of the electron
concentration fluctuation density as that found in references [7, 8]. It has
been assumed that the spectral density in plasma density fluctuations coincides
with the measured spectral density of the magnetic field and with the velocity
of the solar wind in earth orbit [7, 8]. It is not clear, a priori, that the
‘spectrum of plasma density fluctuations has the same form as does the spectrum
of fluctuations in the magn%tic field, or in the Yelocity of the solar wind.
But this should be anticipatéd if the magnetic field is frozen in the plasma.
It shoild be pointed out that only the electron concentration has any influence
on the propagation of electromagnetic waves. But because the characteristic
scales of the inhomogeneities are larger than the Debye radius by many orders
of magnitude, fluctuations in the electron concentration describe fluctuations

in plasma density.



The turbulence is considered to be locally homogeneous and isotropic. If
it is taken that the assumption as to the '"freezing in" of the turbulence is
feasible, a transition can be made from the measured one-dimensional time- /10

dependent magnetic field spectrum, WH (w), to a spatial, three-dimensional,

D(g) =27 W (qV).

spectrum &(q), cm [19]:

where v is the mean solar wind velocity, and g is the wave number. ¥ = 350 km/sec
for the calculations. Finally, the schematic threé-dimensional spectrum of eléctron
concentration'fluctué££g;s shown in Figure 6 is assumed. ¢ is an index for the
degree of homogeqeous spatial spectral density, V(q), in the region q1<q<q2,

and ordinarily ‘1<o<2, [20]. Jokipii and Hollweg called the length corresponding

to a4,

-1 ~ 2
]-.l2 = q2 — 3.3 . 10 lﬂn,

the "internal scale" for the turbulence. The correlation length

-1 ~ . .6
1 V'..l — ]..7 10 m,

corresponds to the wave number ql We use the relationship

<6N> V(o) = JV(q)dq }2‘((1)(q)qdj

to obtain the connectlon between @(q) and the root-mean-squaie fluctuation in
’ . L . S
electron concentration. When o 2 1, and qz/q1‘= 10> 1, and after integration,

we obtain
L I
<62N>=4.th)oq: 3 ta )

C. Large Scale Fluctuations in Electron Concentration and the ) /11

Variability of the Integral Electron Concentration, T

The model of the distribution of the mean electron concentration ifiithe solar
corona, Eq. (3), or Eq. (4), with a spectrum of fluctuation density as described in
the previous section, assumes a very homogeneous and stable injection of plasma
from the solar surface. This contradicts the modern hypothesis with respect to

the sun and the solar corona.

Local measurements of electron concentration [16] and measurements of the
integral electron concentration, have established that there are fluctuations, N,

with a period (with a characteristic time) of several days (sector structure).
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These fluctuations have a more constant character; some repetition with the
period of solar rotation of 27 days can be observed. These large-scale fluctua-
tions can be regarded, approximately, as variations in the mean electron concen-

tration with a period of several days.

Let us suppose that in the system of coordinates rotating with the sun the

electron concentration,, N depends on r and © (©® is the polar angle) as follows:

N(r,8)- {(8)-Nyr).

Angle 6 is connected with the angular rate of rotatlon of the sun, Q by .

9: ®°+ Qt .

From whence l
N~f(T)'No(r),J
where f(t) is a periodic function. Thus; a rotating sector structure too leads 112

to variability in N and INds in a fixed system of coordinates.
Local measurements yield a greater time-dependent variation than do measure-

ments of the integral electron concentration I = I Ndi. The integral concentra-
o

tion measured by the Pioneers along the track = 0.5 AU changed from day to day

within the limits of the coefficient 2, that is

1)K,

where I(t + 1) is the integral electron concentration on the following day, and

1/2 £ k £ 2. Indirect estimates of the change in I(t) can be made by using scin-
tillation observations. Change in I by a factor of k corresponds to a change in
the scale of the diffraction pattern by a factor of 1/k, if the root-mean-square
dephasing. of successively radiating elements because of the inhomogeneity is

wo > 1. Radioastronomical data [21] lead us to expect a change in I from day

to day with the coefficient k = 2-3, and usually less than 20 percent per hour.

There is also the variation in N associated with the ll-year solar cycle,
and this is in addition to the variation in N with a period of a few days. N
can increase by a factor of 2 to 3 with increase in solar activity as compared

to the N value at minimum solar activity.

The preceding fluctuations describe the '"normal' behavior of interplanetary
plasma. Pioneer 7 observed large bunches of plasma leading to an increase in I

by a factor of from 3 to 6 in about 4 hours, followed by a decrease to the normal



level [17]. Only three such sharp changes were observed between December 1965
and January 1967. The frequency of occurrence of these inhomogeneities increased
from January 1967 to December 1967, with the approach of the solar activity

maximum, and became an average of one a month. 1?3

3. Determination Of Distribution Of Electron Concentration By The

Method Of Surveying The Corona At Monochromatic Radio Wavelengths

A. The Method of Measuring the Integral Electron Concentration

I Nat,
o
Koehler, R. L. [17] has described in detail the procedure used to measure 5 Ndit,

in terms of the group delay,wusing radio.frequencies to sound the interplanetary o
plasma from Pioneer 6 and Pioneer 7. Two powerful r~f signal carriers at
frequencies fl = 49,8 MHz and f2 = 423,4 MHz were transmitted from the ground
to the spacecrdaft in deep space. These signals were continuously amplitude
modulated by a frequency fm = 8.692 kHz (or 7.692 kHz). The group rate of
propagation of electromagnetic waves in the plasma is connected with plasma
frequency ub and the wave's circular frequency, w = 2mf, disregarding the
influence of the magnetic field (w » w is the hypofrequency of the electron)

as follows

2,2
V = L] = - -
ar c en=c 1(%/w

Here n is the index of refraction, ¢ is the speed of light. The time of the

group delay between two signals with carriers f, and f depends on the integral

1

dl _10 0306 —*-)JNdl

electron concentration } j
>=o‘fgr Vfgr c .2

' L - 10 s ‘
in the high~frequency approximation (1 -n < 1). Here ¢ = 3 « 10" cm/sec, [f Nd;] =
electrons/cmz, EAtgt] = sec. The time Atgr was measured in terms of the o
phase shift of the modulated amplitudes. The modulated shift with respect to
time, tm, is connected with the phase shift, 3, by

t —_:9—._1_
m 360 f.‘
where ® is in degrees. The integral electron concentration f Nduvthereféfe is

tl I “dl’s'@"f'"'(l/@%osv/fz g ]_] (6)

=% « 0.6% 101£t electrons/cmz, fm = 8.692 kHz.

connected with & as follows.




The phase modulated shift, § was determined on board the spacecraft discretely
with a spacing of approximately 3° and transmitted to the ground by telemetry.
Thus, the integral electron concentration was determined discretely with a
spacing (resolution) of approximately 2-1012 electrons/cmz. The ionosphere made
a substantial contribution (50 to 80 percent) to the integral electron concentration
in these experiments. The inclusion of data on the integral electron concentration
for the ionosphere, obtained by radio sounding the inosphere from satellites, made
it possible to subtract the contribution of the ionosphere from the total

integral concentration of electrons.

These f Ndé measurements were made in the interplanetary plasma in the region
of héliocentric distances between 0.8 and 1.15 AU along the track S ~ 10Lt0'70
million km. The mean electron concentration .in inferplanétary space, from 125

& N

measuremeﬂté-bf the integral éieéfrbn'coﬁcéﬁthtion>Made By Piéneer 6;?@@§J

4.3 electrons/cms, with the root-mean-square fluctuation *3.6 electrons/cm3

between December 1965 and May 1966. The 170 measurements of I Ndi by Pioneer 1?5

7 between Augusti1966 and March 1967, yielded a mean electron concentration

of 8.7 electrons/cmB, and a root-mean-square fluctuation of itk electrons/cmB.

Greater inhomogeneity in plasma density was recorded in this period of‘greater

solar activity. The qﬁiet level of the mean electron concentration was approximately

5 electrons/cmB, corresponding to the measurements made of localized electron

concentrations at this time.

B. Determination of the Mean Distribution of the Electron Concentration,

No(r), in the Corona in Terms of Group Delay

Flights by space stationsifar out into space opened up new possibilities for
studying the solar corona. The method of measuring the integral electron
concentration in terms of group delayjiused by the Pioneers, can.be used to sound
the denser redions of solar plasma. Figure 7 is a schematic presentation of the
geometry of an eclipse. This paper at all times considers that the refraction
of radio waves in the regular corona can be disreggrded'in the case of
sufficiently short waves. Refraction of radio waves in the regular corona has
been taken up in detail in reference [11]. Using Eq. (5), the expression for

group delay, we can write

C ool ‘l*‘zAf’ Nhdr, (?)
Atg_r‘_AJN"d = ) o r W 1




where A = constant. See Eq. (5) for given f, and f,.

Considering that N ~ r-2 in the interplanetary medium, the integral electron

15 83 _ o, 2 ’ 1}6'
P

concentration takes the form

1.(p)= 8,35 10

U@lectrons cm .
@lec /em”!

1’ (8)

Here p=R/Ro is the impact parameter, n_ is the electron concentration in the

earth orbit. See Figure 7.

- © in the integral in Eq. (7) when sounding dénser regions

B tgr(’R)=2AjNo(")%'
ARG .

We can put r

3

of|the corona, whereupon

(9)

: T . ! .
Substituting into Eq. 9 the modéls of the distribution of the &lectron concentration,

Egs. (3) and (%), and using

E .pdp Viﬂ’ r(%h) | (I' is the gamma function) (10)
p" VE’I‘Z 2Pt T(3)

we obtaln i .

3 _R
t@(P)‘ AL, (p), /p "R, (11)
where T ) : ) | 4 _
[, (p)=1210"p*+510"F" slectrohs/cn®, ' (12)
e e
- T |
1 (P)‘-L210 5'10”])1'S /elééffbns/cmz. 7 (121)
When £, = 100 MHz, and £, = fl; where m 2 3, A is equal to

-19

A=1.3 « 10 sec~-cm /electron.

Table 1 and Figure 2 list and show the results of the calculations made using

Eqs. (12), (12'), and (11).

The maximum contribution of the ionosphere to the integral electron con- /17
. . [i . . I T -
centration i§ 101 electrons/cm2 [22]. The contribution of the ionosphenerto
the measured total integral electron concentration must therefore be taken into

consideration when sounding the outer corona.

Measurement of IﬁNdﬂ'leads to a determination of some mean sphérically

symmetrical distribution in the electron concentration, No(r), in the corona.

10



Eq. (9) can be solved for the inner regions of the corona. Eq. (9) is an integral

equation of the Abel type, and its solution (inversion) is

> . ;
S| r aR_ | (9')
No(r) rj'l:A dr A A-t\‘g\{%.)( R) R, ifRa_ ra_ s .
or it can be demonstrated that r T n
N(P) =% ) &R (gr\) VR v | (9')
. r i :

It should be pointed out that of equal interest is the trajectory of the space
station (or of two stations) forwwhich R = constant. Measurement of the group
delay for this trajectory makes it possible to determine N in terms of the angle
® (and of time t); that is, to isolate the long-lived sector structure of the

coronae.

The Dispersion Interferometer Method

The dispersion interferometer method permits us to measuré id/dt I Ndt = I
[11]. The integral électron concentration, I, is a function of the impact parameter,

P, and the time, t, in the corona modél' considered; that is, I = I(plt). There- /18

fore ] Q.4 > ~
dt l(Pat)_g'l'a%*-_b—t—l"Gl*Gz’ :
. - = . . |

” ‘\

where i 555?[5% . Gzaggl{

We can use the Pioneer 6 trajectory during its eclipse by the corona to
estimate dp/dt [14]. The 24-hour change in Ap was — 0.5 cm [11]. Using the

results listed in Table 1, we can estimate G The G2 estimates are based on

19
the assumption that I can increase by a factor of 2 in 24 hours. The results
are listed in Table 2. Comparing G2 and Gl in Table 2, we see that they can be

of the same order of magnitude, or that G2 > Gl' So, G1 cannot be isolated from
the experimental measuremehts made in this solar corona, and the No(r) distribution

cannot be obtained.

The maximum rate of change in the integral concentration in the ionosphere

9

at minimum activity is a magnitude of the order of 10 electrons/cmz-sec.

The Doppler shift in the signal frequency is related to d/dt f Ndi as
follows [11]

af-r & fval, | (13)

11



where { and m are electron charge and mass. Or |

prf= %-}0,8'10‘2«-;-1,—( f"d‘; . (14)

L, Estimate of the Magnetic Field in the Corona by the Faraday Effect /19

Rotation of the plane of polarization, Y, for plane-polarized radiation is

linked with the magnetic field, H, in the cgronas as follows [11]

Y = = 09310° ;[Nllcos'ocdl | (15)
where ¢ is the angle between the direction and the beam. Reference [11] estimated
the maximum angle of rotation,'Y, as a function of the impact parameter, P. At '
the same time it was assumed that the configuration of the sector structure of
the magnetic field was shaped as shown in Figure 8 (that is, that cossg has the
same sign). And it was taken that H on the solar surface was H.O = 1 oersted,
that it depends on r as H = Ho(r/Ro)_z, and is radial in direction. These

assumptions, and the assumption that No(r) has the form of Eq. (3), yield

24 S
W(p)""lfgi (0005 p_"+ 0,07P7+ 2,5'10-4P.3),[ e
or a ' ’
| W(P_)é(wf-o,oarfho;sp")fcmg (17)

If the sector structure iS turned such that the magentic field will be along the

‘beam everywhere from the sun (toward the sun), Y = 0. Consequently, whén P =

constant, the plane 6f polarization will complete an oscillation with a period

of several days (weeks) and amplitude of Eq. (17).

Figure 4 shows ¥(P) for f = 2.29 GHz. TRe maximum contribution of the Z?O
ionosphere to Y for this value of f is a numbér'of 7°. It is difficult to
estimate the contribution of the regular corona to the rotation of the piane
of polarization, ¥, from the results of the ¥ measurement for Pioneer 6 eclipsed
by the corona because reference [14] does not include the contribution of the

ionosphere at the time of the measurements,

5. Fluctuations in the Group Delay and Broadening of the Radio Signal

Spectrum in the Turbulent Solar Corona

Fluctuations in the group delay, and broadening of the spectrum of radio waves,
can be considered in a geometric optics approximation similar to that made in

references [6, 71.

12



The fluctuations in the index of refractien § (in the electron concentration
8N) [fluctuation in the frequency (An € 1) occurs along the path over which the

radio waves are propagated] [6] and in &t

Lgr ‘
H (18)
8ty - [on (l)dl .
: -2
Sf - ——Jdt Sn(l)dl , (19)
From whence the root-mean-square fluctuatlons ere, respect{vely
|
<8 ‘-g,jj<3n(1)8n(1')>dtdl | (20)
- $ 00 "'“‘ ' . ’ 7 :
2 T ' |
Ve 8 f) :%Ij<d%[8n(l)(% 3n(l)>dldl, ‘l (21)

0 -0 : |

Let us direct the z axXis along the direction of beam propagation, and let us
say that §z = 1' = 1, Let us then say that the correlation Iength isv much
shorter than the path s. Then

8 1 >4 H'«Sn(l)&n(lu> )>d§ di, (22) /a1

0 -

.A‘~;_. .~ .. _ ’

8> - Azjj 8n(l 8n(l+§_z')>'d§zd11  (e3)

0 -

But

s sna)sn(h&,)d&;—fﬁn(i,)dEA,?'Z'RV(")J | (24)

where B (§ ) is the correlation function, Vn is the one-dimensional spectrum of

the fluctuatlon in the index of reference ,
V_(0) - Iv (q)dq = I 22 (q qdq; (25)

and @ (q) is the three-dimensional spectrum of “the fluctuatlon in the index of

refractlon described in section 3.

When ¢ > 1, and q2/q1 > 1, and using Egs. (22), (24), and (25), we obtain

T rdr
8 T Jl 3(0;___1) S(S n>_L, ‘r—’-k’ * : (26)
R .
where Ll = 1/q. Let us substltute the expre551on N
~ 1 10" 1
<8n>= ?;6 e ~N? jmh ¢!
. 2.2 L2
into Eq. (26). Here ¢ N~ = <§"N>, If ¢ = constant, B = consta.nt, whereupon

<82L~g>=u c‘:‘“" BSN L\{LﬁL y . (28)

13



. . . 2
Figure 3 shows the results of the numerical estimates of (6 tgr)' 122

Let us assume stability of the Eq. (6) inhomogeneity in order to
convert from time-dependent derivatives to spatial derivatives in Eq. (23);

that is, we will take it that

(29)

where V is the wind velocity. We will take it that V 1s directed along the

<8%f>- ‘,j vk j (( Sn(l)(b Sn(l §>)>a§. dl

radius., Then

. A”_"w_*___"#_r (30)
where OY is the coordinate axis perpendicular to OZ./h;£eii;£egral
l I<( Sn(l)(b SF‘L -eﬂ>é§z
can be converted (see [171) into . ‘ ;>:ifb,_jimw_
| I=2i2§¢’n(d,q)q’dq. (31)

Substituting the model of the spectrum into Eq. (31), and using the smallness
~ =k
ql/q2 = 10 , we can obtaln 5

;‘ 1_~,_22[_<5 q,/\n(q, /q) 1(q q) «8n> | npuet - } when o =1 (32)
TG, 03) = g peth] mem 1 505
-1_;38’ <8 ‘n qz/q qq)<8n>f" when o = 2.
Substituting Eq. (32) into Eqe (30) N o o o /23

» (33)

C«8fr=2d, 'N’r"k ]B "d" 23--1;‘( )]B
. . A! A‘j r —-‘ v’, Rl

where i =1, 2, 3. F = er2 is the flux. We can obtain some estimate of the

distribution of the mean plasma flux (of the solar wind) as a function of the
. 2

heliocentric distance T, by assuming that <§ f>R has been measured and that I

and B are constants, and by using Eq. (33).

Figure 5 shows the results 6f the measurements made of the broadening of
the Mariner 4 signal spectrum eclipsed by the solar corona [13, 6], and the
results of the numeiical estimates of42<6 > using Eq. (33). It wasttaken that
F = Fo = constant, and that in the earth's orbit vN = 2-108 electrons/sec-cmz.

kL
Further, that € = O.lfz, o = 2’ Ll = 2!10 p lﬂ'n, L = 0-39 mo

2
It should be pointed out that Eq. (33), is, as is Eq. (9'), an Abel integral

equation with a known inversion.
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6. Discussion of the Results of the Numerical Estimates.

Conclusion.

The answer to the question of whether or not it is possible to obtain some
mean distribution of solar plasma parameters, No(r), v(r), H(r), by sounding
the corona with monochromatic radio radiation definitely depends on what the
corona actually is. If the integral electron concentration is significantly
variable, and can change from day to day with a coefficient of ~ 2 (for small
impact parameters) the dispersion interferometer méthod will not provide some
mean distribution of electron concentration, No(r). Measurements of the group /2k
delay on two coherent frequencies is more advantageous than the dispersion
interferometer method because Ithléan be measured directly. These measurements
then can be used to obtain some mean.distribution of thé electron concentration,
No(r). Figures 2 and 3 show the results of the qalculafed estimates of Atgr
and V2 <62tgr> for accepted models 6f the solar corona. We see that if L1 and
L, are proportional to r(Ll =2 1049 km, L, - 0.3p km) , Atgr and
V;_EEEZ;;;-will be identically dependent on the impéct parameter P = R/Ro as
r_2'5).

P_l(N ~ r2) or as p1*? (N, ~ At the same time VZ <624 >/At < 10 per-
0 0 gr gr

cent. Consequently, such will be the accuracy of the determination of the in-
tegral electron concentration of the accepted model of turbulence of the coronal

plasma. If L. and L2 do not depend on the heliocentric distance, VZ <52t ;>

1 g
will depend on P as p~1+2 (NO ~1"2) or as P—2(NO ~ "2*2), 1In this case, when

P=L4 Vz <62tg£>/Atgr = 30 to 40 percent, and when P = 100 this ratio is

~ 10 percent. As should be anticipéted, intensification of turbulence led to
an increase in the filtration of the group delay as compared to the results of
the Hollweg calculations [5], obtained on the assumption of small-scale fluc-

tuations.

We see from Figure L4 that the contribution of the ionosphere must be taken

into consideration when measuring the rotation of the plane of polarization, Y.

The broadening of thé Mariner 4 radio signal spectrum in the region

3 < P = 6 best describes the solar wind turbulence spectrum for o = 2, L =

L . .
=2 ° 10°p km, and L2 = 0.3p km. And it was taken that . F = er2 = FO = constant,
in the earth's orbit vN = 2 ° lO8 electr.'ons/cm_z—sec_1 and € = 0.42.

15
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TABLE 1

. N, =1,5:108 p=042,3-10° p~2| N:I.S-IOSy'6+3-IO$ p2i3 |
P N L) 1 /o2 ]BE ~F&cl”
= - s AT P T ey b4 Rt/ CM ‘;gr" R A
]= I Ndle_ll/ﬂl&- ’?}i‘. = 100 MHZ' IJN‘H ‘/ f = 100 MHz
100 | '3,2-10M 4,2°107 wiol* | 5,2.107
10| 4,81015 6,270 | 1,106 | 2,3.107
5| 1,4-1010 1,8-1078 5.1016 ' -3
. | ' .10 64510
2| 41017 5,2-1072 41017 5,2+1072
TABLE 2

:§;105~1989‘6 + 2;3-105;)‘2 }N;:I..b;-loéy’s ~:-V3'-'1_059'~"—-5‘

) ?1-‘2%“- -1-g G, c"-?‘séc”?l‘ G, 6. ,

L 00-10 I ;:08 4o10%06-1010 | 1-1q9 5.10%22-1011
10 -5 1-1010 6-IOIO+1.6-IQII 41010 2-1011*5.101i
| 5 -2 72-1011 | 1,6-10'Ls5:1012 | 7.10M 6°IOII+5,;IOI?-
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Figure 1. Distribution of electron concentration, and of solar wind veldcity

in the plane of the ecliptic, in the period of minimum solar
activity.
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